With more than 1,500 citations in ranked journals and hundreds of thousands of downloads, EPANET is the benchmark software for analysis and design of pressurized water distribution networks. Userfriendly, powerful and reliable, its public domain use has spread throughout the world. However, from an energy standpoint its capacity is limited to the point at which, in certain circumstances it can supply erroneous results. This is understandable because on the one hand its main aim was to model water quality, and on the other hand, because it was conceived and developed towards the end of the last century before people started talking about the water-energy nexus. Increases in the cost of energy and the need to limit greenhouse gas emissions, however, have made energy efficiency a primary and inescapable objective. As the transport of pressurized water is a big consumer of energy, it seems convenient for EPANET users, particularly for those who applied this software to pressurized irrigation networks, to understand, as far as energy is concerned, its weaknesses and limitations which, in the end, is the aim of this paper. 
h ni (t k ) Piezometric head at the reservoir i at time t k (m.w.c.)
h pi (t k ) Piezometric head of the pump i at time t k (m.w.c.)
Friction energy in pipes for the simulation period q li (t k ) Leakage flow rate at node i at time t k (l/s) q lj (t k ) Flow rate at line j at time t k (l/s) that finally is lost through leaks q ni (t k ) Flow rate supplied by reservoirs i at time t k (l/s) q pi (t k ) Flow rate supplied by pumping station i at time t k (l/s) q ui (t k ) Consumed flow rate at node i at time t k (l/s) q uj (t k ) Flow rate necessary to satisfy the users demand that circulates at line j at time t k (l/s) The following analysis of the weaknesses and limitations of EPANET as regards energy, should therefore be referred to the present version, 2.0. It must be said that, from an energy standpoint, few changes were added to the original for the second version of the software. The most important aspect being the inclusion of schedule patterns for the cost of energy, and allowing the study of total energy expenditure, based on pumping schedule arrangements. Neither does the awaited version 3.0 promise improvements as regards energy; despite this, some enhancements were announced in the modelling of the evolution of water quality, in hydraulics and in the interface (Rossman ).
There is just one energy collateral enhancement, which is the possibility of pump behaviour modelling with third degree polynomials, an improvement that should be welcomed because minor errors (see Table 6 , pump efficiencies, periods 2 and 3.2, with pump rotating at its nominal speed) could be avoided. This will overcome another well known EPANET drawback: positive slopes are not allowed along the head-flow characteristic pump curve, but they do happen often in practice (particularly in axial flow pumps).
In order to understand the lack of attention EPANET pays to energy-based analysis, it is important to place the program in its historical context. In fact, the first article to expressly cite the water-energy nexus (Gleick ) is con- This paper describes and shows, through a case study, the energy weaknesses of EPANET. Lastly, in order to adapt the most globally used water network software to present needs, some improvements are suggested.
THE EPANET ROLE IN PRESSURIZED URBAN AND IRRIGATION SYSTEMS ANALYSIS
EPANET was conceived in a bid to track the evolution of water quality from the source (injection point) to the customer's tap (user point). This general interest allowed EPA to allocate public funds to develop a software package that, at the end, will compete with commercial software programs promoted by companies that supported the state with their taxes.
Hydraulic analysis, including the extended period simulation, is a necessary prerequisite in performing water quality analysis. In all, the EPA developed a complete software package to control water quality throughout the system and, at the same time, it models the hydraulic system behavior. A collateral result from the very first In what follows, firstly, major and minor EPANET energy's drawbacks are listed, later some improvements are suggested and finally a case study of an irrigation network conceived to show the previously described handicaps, is presented.
MAJOR ISSUES
The errors which can mislead program users are firstly mentioned.
EPANET calculates incorrectly the efficiency of variable speed pumps and, thus, power
This error has already been the focus of a technical note (Marchi & Simpson ) . Although, this issue is well documented, details of where the error lies and how it is transmitted to other results (power and energy expenditure)
will be given in this paper to help engineers avoid it.
EPANET ignores the natural energy
The transportation and distribution of pressurized water are carried out at the cost of the elastic (water and pipe) energy.
This energy can proceed from two sources, natural (or gravitational) supplied by tanks and shaft energy supplied by pumps. EPANET only recognizes the latter energy. There is no energy report on gravitational systems and it only accounts for the energy which the pumps supply in mixed systems (natural and pumped energy). Therefore, when the energy is supplied (partially or totally) by a tank, EPANET's results do not allow energy audits to be performed.
EPANET miscalculates pumping expenditure when the simulation is not carried out within 24 h
In practice, it is relatively common to find pressurized systems operating daily for less than 24 h. This applies to intermittent water supplies, a frequent scenario in developing countries and habitual in pressurized irrigation networks. If the number of daily operational hours, n t , is less than 24, EPANET increases energy expenditure to the factor of 24/nt.
The error is repeated for all simulation periods which are not multiples of 24 h. In irrigation systems, water is typically supplied for less than 24 h per day. This error once more is evidence that shows the program was conceived for urban water networks where, except for the intermittent supplies of the developing countries, the network operates 24 h per day and 365 days per year and therefore, this error has no impact.
MINOR ISSUES
Energy aspects that should be considered in order to adapt EPANET to present day needs are mentioned below.
Concerning energy consumption
The kilowatt hours which are really consumed in pumping stations (the real power demanded and the energy effectively consumed) are not solely dependent on pumping efficiency.
The efficiency of electric motors and of variable speed drivers, which in certain circumstances can cause significant energy loss should be considered; this is an important and well known issue (Burt et al. ) .
Concerning tariffs
EPANET only contemplates a single value for power contract costs while actually, time of day rates and seasonal variations apply, as occurs with the price of energy.
Concerning energy intensity
EPANET calculates the energy intensity (kWh/m 3 ) as referred to the volume supplied to the system. As it is more representative if referred to the registered volume (consumed by the users), especially in highly leaky systems, it is convenient to provide simultaneously both energy intensities.
Concerning energy expenditure in systems with several pumping stations EPANET, without any limitation in the number of nodes and lines in the system, has formidable powers of calculation. Networks of a significant size can be fed by different pumping stations which are subject to different tariff regimes, given that they currently depend on the maximum contracted power. The programme, in its present state, contemplates a single tariff for the whole system.
POTENTIAL IMPROVEMENTS
The first required improvement should be the correction of the preceding drawbacks, which included the adequate head-flow pump modelling, irrespective of its characteristics.
Besides this, some new capabilities could be incorporated. Energy audit. This can also be performed to discover where the system is more inefficient. The audit, which matches the energy entering and leaving the system, can identify and quantify the losses. These can be caused by friction (in pipes and valves), pumping station inefficiencies and leaks which are a sum of the energy embedded in the water losses and the additional friction in the pipes, a consequence of the greater flow required (Cabrera et al. ).
Currently, the Programmer's Toolkit API (Rossman ) allows these calculations to be performed but, not directly. As energy efficiency becomes more and more important, it would be desirable to automate all of these calculations. Figure 1 and Table 1 correspond to a system designed to show the weak points of EPANET as mentioned above. It is an irrigation network divided into three sectors, each of them being active for 6 h. The third sector irrigates in two 3 h periods. The system operates for a total of 18 h a day.
CASE STUDY
Both pumps are fed by a tank at a constant level (30 m).
Level zero is assigned to the node with the lowest elevation (node 12). Service pressure is 10 m, the elevation of the tank 30 m, and the roughness of the pipes 0.1 mm. Table 1 depicts the network characteristics and Table 2 shows those of the pumps which guarantee minimum pressure at high elevations. Leaks are modelled through a node's emitters.
Each pumping station is on for 6 h (the irrigation period). The highest elevated sector (sector 3) is fed by pumping station P2 equipped with a variable speed driver to adjust the system's pressure requirements. For the first 3 h, it rotates at 75% of its nominal speed, subsequently rotating at 100% (Table 2 ). The pumps are timed to switch on and off.
The daily water balance in each sector (with the apparent losses included in the amount of water consumed)
is provided in Table 3 . Leakages are held to proportional to the length of the pipes converging on it (see Table 1 ).
By simulating the day-to-day operation of the system (18 h), with a hydraulic interval of 1 h, the global balance between the power supplied and consumed (energy audit)
is calculated by means of the results provided by EPANET and following the methodology previously described (Pardo et al. ) . The calculation of the energies involved in the system is based on the equations shown in Table 4 .
From equations shown in Table 4 , t p being the period for calculating the expressions, Equation (1) concerning the final balance results in:
The previous Equation (1) states that the energy supplied by reservoirs and pumps must be equal to energy delivered to the users plus the losses, because this system does not include compensation tanks (Cabrera et al. ) .
The results are shown in Table 5 .
In every scenario, the power supplied (the sum of the natural and shaft power) is equal to that consumed, and the sum of the useful power plus losses (friction in the pipes, dissipated in leakages and lost at the pumping station). 
Energy losses Leakage energy losses
Wasted energy in pumping stations
Energy supplied kWh Shaft energy (supplied by pumps)
Natural energy (supplied by external sources) Table 5 . For the sake of simplicity, the cost of the energy is taken to be time-constant, with an average value of 0.1 €/kWh. The differences correspond to the underlined errors:
1. In period 1 (the lowest elevation area is irrigated), all the supplied energy is natural. EPANET does not consider this power. The natural energy is omitted in all three scenarios. Additionally, when the pumps are not working, energy consumption is always nil.
2. In period 2, in which sector 2 is irrigated, the error in the estimation of cost of the energy must be added to the omission of natural energy. It can be seen how EPANET overestimates the expenditure to the expected factor (24/18).
3. Lastly, all three errors are present in scenario 3. Natural energy is not considered and, during period 3.1 when the pump is rotating at 75% of its nominal speed, the pump's efficiency is not correctly calculated, translating an error to power and costs. However the ratio is no longer 4/3. It is higher (1.37) because, as EPANET's efficiency is inferior to the real value, it overestimates the power of the pump.
According to EPANET, the average efficiency of pump P2 is 76.21, while the average efficiency for the operating con- Lastly, it should be highlighted that, for the water tariffs contracted at the several pumping stations, it is impossible for EPANET to apply differing energy (and power term) prices.
CONCLUSION
From the point of view of energy, the calculation module of EPANET (the worldwide reference programme in both urban and agricultural fields) presents notable deficiencies and shortcomings. They have been classified into two main groups, major and minor issues (see the corresponding sections) and practically demonstrated in the case study. That happens at a time when energy efficiency and its consequences (greenhouse gas emissions) are of utmost priority, EPANET's energy component should be updated and completed. So far, its contribution to the energy efficiency improvements of these systems can be substantially enhanced if the issues previously discussed are taken into account. EPANET (the program, the source and the toolkit) has played an invaluable role in practice and research and, with some minor rearrangements, improvement in its brilliant service record will follow.
